Dual-process theories posit that two separate processes are involved in recognition, namely recollection and familiarity. Studies investigating the neuroanatomical substrates of these two processes have frequently revealed that, while recollection is functionally linked with the hippocampus, familiarity appears to be associated with perirhinal and/or entorhinal cortices integrity.
Recollection is viewed as a more controlled and elaborate form of cognitive process whereas familiarity is perceived as an automatic, rapid and implicit process. Recollection and familiarity are believed to work in a parallel and independent fashion to provide the global recognition experience. The dual-process theory of recognition is well established and has received a considerable amount of empirical support (see Yonelinas, 2002 , for a review). However, a debate on the exact nature of recollection and familiarity and on the interplay between these two processes continues (Donaldson, 1996; Dunn, 2004; Hirshman & Henzler, 1998; Inoue & Bellezza, 1998; Smith, Wixted, & Squire, 2011) .
Studies investigating neurobiological substrates of recollection and familiarity suggest a functional dissociation of those two processes within the medial temporal lobe. More precisely, familiarity has been repeatedly associated with perirhinal/entorhinal areas whereas recollection has been associated with the hippocampus. This dissociation was highlighted in human lesion studies, which revealed selective deficits in recollection, with relative sparing of familiarity, following hippocampal lesion (Bowles et al., 2010; Vann et al., 2009) . In contrast, selective deficits in familiarity, with sparing of recollection, were observed following lesions to the perirhinal area (Bowles et al., 2007 (Bowles et al., , 2010 ; Bowles, O'Neil, Mirsattari, Poppenk, & K€ ohler, 2011) . This dissociation was further corroborated by functional magnetic resonance imaging (fMRI) studies. Indeed, results from multiple studies have shown an increased activation in hippocampal regions during the encoding of items later recognized on the basis of recollection and perirhinal activation during the encoding of items later recognized on the basis of familiarity Eldridge, Knowlton, Furmanski, Bookheimer, & Engel, 2000; Ranganath et al., 2004) . Consistently, a meta-analysis indicated that, across multiples fMRI studies, recollection was associated with hippocampal and parahippocampal activation during encoding or recognition (Diana, Yonelinas, & Ranganath, 2007) . On the other hand, perirhinal activation frequently predicted familiarity, but rarely recollection performance.
Interestingly, regions that have been associated with recollection and familiarity are among the first to be targeted by neurofibrillary tangles, one of AD's neuropathological hallmarks (Braak & Braak, 1991) . Moreover, the presence of neurofibrillary tangles has been positively correlated with the severity of cognitive deficits in AD patients (Arriagada, Growdon, Hedley-Whyte, & Hyman, 1992; Braak & Braak, 1991 . Taken together, these previous findings suggest that the assessment of familiarity and recollection in the aging population might be of great interest for the development of novel neuropsychological markers for AD.
The results of a recent meta-analysis looking at the effects of normal and neuropathological aging on recollection and familiarity point towards a decline in recollection with a preservation in familiaritybased recognition in cognitively normal aging individuals, as compared with young adults (Koen & Yonelinas, 2014) . The hippocampus is sensitive to the effects of aging and multiple studies have demonstrated structural and functional impairment in the hippocampus of normally aging individuals (Driscoll et al., 2003; Raz et al., 2005; Scahill et al., 2003) . The impairment in recollection observed in normal aging individuals is therefore likely to be associated with reduction in structural and functional integrity of the hippocampus occurring naturally in the course of aging. Yet, very few studies have looked at relationships between hippocampus volumes and recollection performance in aging individuals. In a sample of cognitively normal aging individuals, Yonelinas and colleagues (2007) highlighted a negative relationship between age and hippocampal volume, which was in turn associated with recollection performance. In the same study, they further provided evidence for associations between entorhinal cortex volume and familiarity. However, they did not look at correlations with perirhinal cortex, an adjacent region that has frequently been linked with familiarity. A more recent study by Wolk, Dunfee, Dickerson, Aizenstein, and DeKosky (2011) also supports a double-dissociation between familiarity and recollection within the medial temporal lobe and showed that the left hippocampal volume significantly predicted recollection performance in a sample comprising cognitively normal aging individuals and individuals diagnosed with mild cognitive impairment (MCI) or AD (Wolk et al., 2011) . On the other hand, the combined volume of extrahippocampal medial temporal lobe structures, such as the entorhinal, perirhinal and parahippocampal areas, was a stronger predictor of familiarity performance.
Interestingly, despite well-documented impairments in hippocampal functioning and reductions in recollection-based recognition, many studies have outlined a preservation of the overall recognition performance in cognitively normal aging individuals, as compared with younger adults (Craik & McDowd, 1987; Fabiani & Friedman, 1997; Schonfield & Robertson, 1966) . To explain this finding, we have previously hypothesized that aging individuals rely on familiarity at a greater extent than young individuals to sustain their recognition performance, despite a reduced recollection (Schoemaker, Gauthier, & Pruessner, 2014) . We further suggested that the increased rate of false alarms, or false recognition, frequently observed in aging individuals might be related to this increased reliance on familiarity. To define whether recollection and familiarity could be useful to differentiate normal from pathological aging, studies are needed characterize associations between recollection, familiarity and false alarms, as to obtain a better understanding of the recognition performance of cognitively normal aging individuals. The relationship between the dual-processes involved in recognition and structural integrity of medial temporal lobe regions also needs to be investigated more thoroughly.
In accordance with these needs, the objective of this article is to investigate three main hypotheses related to familiarity and recollection performance in aging individuals. The first hypothesis is that aging individuals rely on familiarity to a greater extent than young adults to support their recognition. Second, we hypothesize that the increased rate of false alarms frequently described in aging individuals is related to an increased reliance on familiarity. These two first hypotheses will be tested by comparing the performance of older and younger adults on recognition paradigm. The final hypothesis addressed in this article is that the decrease in recollection observed over the course of aging is associated with a decrease in hippocampal structural integrity, but independent of entorhinal and perirhinal cortices integrity. Accordingly, this last hypothesis will be investigated by means of correlations with structural neuroimaging data acquired in the older adults' cohort.
| MATERIALS A ND METHODS

| Participants
Sixty young adults (age range: 18-25 years) were recruited via the research participant pool of the Psychology Department at McGill University and obtained 1% extra credit for an eligible course within the Department as a result of their participation. Older adults were recruited via advertisements in community newspapers targeting the aging population to a fMRI study. To be included in this particular study, older adults had to meet the following criteria: aged between 60 and 80 years, MMSE score higher than 26, absence of current or past neurological, psychiatric or severe medical conditions, no contra-indication for MRI, no current or past history of substance abuse, no current medication known to cross the blood brain barrier or alter cognitive functioning, more than 12 years of formal education, and a score in the normal range on the Geriatric Depression Scale (Yesavage et al., 1983) and Beck Anxiety Inventory (Beck et al., 1988) . A total of 68 older adults were included in the study. Four aging individuals were excluded due to suspected cognitive impairment, as indicated by their performance on standardized cognitive tests. Four young adults and five older adults were further excluded from the analysis because of performance suggesting a lack of comprehension of task instructions (as indicated by an absence of variance in responses or a hit rate lower than 0.50), leaving 56 young adults (mean age: 20.38, SD 1.56) and 59 older adults (mean age: 66.97, SD 4.78) in the final cognitive analyses.
| Procedures
The protocol of this study was reviewed and approved by the Douglas Mental Health University Institute's research ethics board. Young adults' subjects were tested in a single session, in which they were asked to complete a computerized task aiming to quantify recollection and familiarity. Older adults were tested in two separate sessions, the first session consisting of a cognitive evaluation, starting with the completion of the computerized task to assess familiarity and recollection, and the second session consisting of an MRI scan performed at the Douglas Institute Brain Imaging Center. These two sessions were completed within a time interval of 4 weeks. All subjects were presented with information pertaining to the research project and provided written informed consent before the beginning of the study procedure.
| Evaluation of basic cognitive functions
Older adults underwent a cognitive test battery to allow exclusion of individuals with cognitive impairments, as defined with a performance lower than 1.5 standard deviations from the age-adjusted mean. The tests administered included: (1) Mini-Mental Status Exam (Folstein, Folstein, & McHugh, 1975) (Schmidt, 1996) ; (4) letter (FAS) and category fluency (animals) (Tombaugh, Kozak, & Rees, 1999) ; (5) Trail Making Test A and B (Reitan, 1992) ; (6) Symbol-Digit Modality task (Smith, 1973) ; (7) Boston Naming Test (Kaplan, Goodglass, & Weintraub, 1983) ; (8) Stroop Colour-Word interference Test (Golden & Freshwater, 2002) ; (9) Digit Span subtest of the Wechsler Adult Intelligence Scale III (Wechsler, 1997) and (10) Matrix reasoning subtest from the Wechsler Abbreviated Scale of Intelligence II (Wechsler & Hsiao-Pin, 2011 
| Image pre-processing
Acquired T1 images were denoized (Coup e et al., 2008, ) and corrected for non-uniformity (Sled, Zijdenbos, & Evans, 1998) . Images were subsequently linearly registered to MNI standard space (Collins, Neelin, Peters, & Evans, 1994) . A visual quality control was performed to ensure quality of the image preprocessing. None of the scan had to be excluded due to poor preprocessing.
| Hippocampal, entorhinal and perirhinal volume estimation
Pre-processed MPRAGE images were automatically segmented using a previously described technique (Coup e et al., , 2011) . For each participant, automatically segmented hippocampal, entorhinal and perirhinal volumes were extracted and manually corrected by an expert in neuroanatomy, using previously published segmentation guidelines (Pruessner et al., 2000 (Pruessner et al., , 2002 . Intra-rater reliability of the manual correction 
| Stimuli
Sixty-nine black and white neutral Caucasian faces were selected from the FACES database (Ebner, Riediger, & Lindenberger, 2010) . Of the selected faces, 23 were used as targets during the first encoding condition, 23 were used as targets during the second encoding condition and the remaining 23 faces were used as distractors during recognition.
Targets and distractors' lists were equated for gender and age of presented faces.
| Experimental paradigm
The experimental paradigm used in this study consists in a variation the process dissociation procedure developed by Jacoby (1991) . In contrast with the standard process dissociation procedure, the current paradigm allows the estimation of recollection and familiarity estimates from a unique recognition phase. This type of variation was done in previous studies aiming to quantify the contribution of recollection and familiarity and using a dissociation framework (Smith & Knight, 2002; Wilding & Rugg, 1997) . A unique recognition trial has the advantage of being simpler to understand, faster to administer and allows to avoid certain methodological biases associated with different response biases that may arise from different conditions.
In the encoding phase, participants were presented with a total of 46 faces in two separate conditions (23 faces per condition). Within each encoding condition, faces were presented one at a time, in random order, for 4 s and were separated by a 100 ms inter-stimulus interval. In the first encoding condition, named the "blue condition," faces were presented on the right side of the screen on a blue background. For each face, participants were asked to answer the question "Does this person look upset?" by clicking on either the "yes" or "no" button on the screen. In the second encoding condition, named the "red condition," faces were presented on the left side of the screen on a red background. This time, for each face, participants were prompted to answer the question "Does this person look friendly?," again by clicking on either the "yes" or "no" button on the screen. These questions were meant to favor a deeper encoding and to provide an additional anchor for subsequent recognition. Participants were informed that there was no right and wrong answer to these questions and encouraged to answer on the basis of their subjective feelings. The order of presentation of the two encoding conditions was counterbalanced across subjects, that is, half of participants were presented with the blue condition first and the other half of participants were presented with the red encoding condition first.
The recognition task immediately followed the encoding procedure. Participants were presented with the 46 faces studied during the encoding phase as well as 23 new unseen faces (distractors). Each face was presented one at a time in the center of the screen. The recognition was then performed in a two-step procedure. First, participants were asked to judge whether the presented face was shown during the encoding phase, regardless of the encoding condition, and to respond by clicking on either the "new" or "old" button on the screen. Second, if participants identified a face as being "old," they were asked to determine whether it was shown in the "blue" or the "red" encoding condition. At this point, participants were reminded of contextual differences between the two encoding conditions. To avoid biases associated with guesses, participants were also given the option to answer "don't know." Therefore, participants had to respond to the contextual question by clicking on either the "red condition," the "blue condition" or the "don't know" button on the screen. The recognition was self-paced. Participants were given three practice trials (2 target faces and 1 distractor, same for all participants) before starting the recognition task. Participants were encouraged to ask any questions if the procedure seemed unclear. Following the completion of practice trials, participants were presented with the remaining 44 targets and 22 distractor faces, in a randomized presentation order.
| Quantification of responses and statistical analysis
Results from the computerized task were quantified as follow. The hit rate (H) was defined as the proportion of faces correctly recognized as being old. The false alarm rate (FA) was defined as the proportion of new faces incorrectly categorized as being old. Recollection and familiarity scores were derived according to the framework proposed by Jacoby (1991) . In this experiment, the inclusion score (I) was defined as the proportion of old faces correctly identified as being old. The exclusion score (E) was computed as the proportion of hits associated with either an incorrect source attribution or a "don't know" response. As described by Jacoby (1991) , recognition responses contributing to the inclusion score, I, can be supported by recollection, R, and/or familiarity, F, (i.e., I 5 R 1 F(1-R)). On the other hand, the exclusion score, E, implies involvement of familiarity in the absence of recollection (E 5 F
(1-R)). Thus, solving these equations allows the isolation of R and F variables: R 5 (I-E) and F 5 (E/(1-R)). Finally, to quantify the relative
contribution of recollection to the overall recognition at the individual level, a "recollection ratio" (RR) was computed using the proportion of hits with correct source attribution (RH) relative to the overall hit rate (Recollection ratio 5 RH/H). Statistical analyses were carried out using IBM SPSS software version 20. An multivariate analysis of variance (MANOVA) was used to compare the cognitive performance of young subjects and older adults, using the group as the independent variable (young vs older adults) and indexes of recognition performance as dependent variables (hit rate, false alarm rate, recollection, familiarity and recollection ratio). In older adults only, simple Pearson correlations analyses were performed to investigate relationships between cognitive performance on the recollection/familiarity task and medial temporal lobe volumes. Finally, multiple linear regression analyses were conducted to define whether each medial temporal lobe volume was a significant predictor of recollection or familiarity performance, together with the covariates of age, gender and education.
| R E S U LTS
3.1 | Age-related differences in recollection and familiarity: associations with false alarms
Results of the MANOVA contrasting the recognition performance of young and older participants are presented in 
| Associations with normalized hippocampal volumes
Pearson correlations were computed to assess the associations between performance on the recognition task and hippocampus integ- Note. M 5 mean, SD 5 standard deviation, Hit rate/Inclusion score-proportion of correct recognition responses on the yes/no recognition task (P Old/Old), Exclusion score-proportion of correct recognition responses on the yes/no recognition task that are accompanied with a failure to provide correct source attribution, divided into: P("DK" response)-proportion of "Don't know" responses contributing to the exclusion score, P(Incorrect source attribution)-proportion of recognition responses with incorrect source attribution contributing to the exclusion score, False alarm rate-proportion of new items incorrectly endorsed as being "old" (P Old/New), Recollection and Familiarity estimates-estimates derived from Jacoby (1991) process dissociation framework formulas, Recollection ratio-proportion of correct recognition responses with correct source attribution relative to the total number of correct recognition responses (P Correct source attribution/Hit), F-Fisher test indicating the magnitude of differences between young and old adults. *p < .05, **p< .01, ***p < .001. 
| Associations with normalized entorhinal cortex volumes
| Associations with normalized perirhinal cortex volumes
When looking at correlations with normalized perirhinal cortex volumes, no significant association was found with the overall hit rate (rPC: r 5 0.02, lPC: r 5 0.14, tPC: r 5 0.09; p > .05). Similarly, no significant association was found with either recollection (rPC: r 5 0.13, lPC: 
| DISCUSSION
In this article, we compared the recollection and familiarity performance of young and older adults. We also made associations with the rate of false alarms. In older adults, we further investigated relationships between these recognition variables and structural integrity of the hippocampus as well as the entorhinal and perirhinal cortices.
Overall, we observed a decrease in recollection and increase in familiarity-based recognition in older adults, as compared with young adults. In older adults, familiarity, but not recollection, was significantly and positively associated with the rate of false alarms. Significant positive correlations were found between recollection and hippocampal volumes, suggesting that the decrease in recollection observed in older adults is likely associated with a reduction in hippocampal structural integrity. On the other hand, no relationship was found between recognition performance and volumes of perirhinal or entorhinal cortices.
One of our initial hypotheses was that older adults rely on familiarity at a greater extent than young adults to support their recognition.
Our results demonstrate that older and younger participants showed an equivalent number of correct recognition (i.e. hits). However, as compared with young adults, older adults showed a decrease in recollection together with an increase reliance on familiarity. In accordance with the present findings, results from a recent meta-analysis highlighted a recollection decrease in aging individuals (Koen & Yonelinas, 2014 ). An increase in familiarity in aging individuals has also previously been reported in the literature. For example, Angel and colleagues (2013) found that familiarity responses were more common in older participants than in young participants, especially when the task was simple (Angel et al., 2013) . Using a facial recognition paradigm, Bastin and Van der Linden investigated the frequency of "remember" and results support an increased rate of false alarms in older adults, as compared with young adults. In this article we aimed to define whether the increased rate of false alarms often described in the aging population was associated with an increased reliance on familiarity-based recognition. In older adults, our results indicate a significant positive correlation between familiarity and false alarms. On the other hand, the false alarm rate was not associated with recollection. Thus, false alarms
| 697 seem to be related to an increased reliance on familiarity rather than a decrease in recollection-based recognition. In the older adult group, the positive correlation between false alarms and familiarity remained significant after controlling for age. Interestingly, the correlation between familiarity and false alarms was not significant in young adults. Previous evidence suggests that the recognition performance of younger adults is less affected by the perceptual similarity of the encoding material (Schacter, Israel, & Racine, 1999) . Indeed, Schacter et al. (1999) showed that aging individuals are more prone to false alarms when confronted with perceptually similar stimuli. They proposed that this was possibly due to the fact that aging individuals tend to rely on a global and general encoding strategy, that may be less effective when confronted with stimuli of high perceptual similarity. As faces are highly similar at the perceptual level, this type of stimuli likely provides little distinctiveness. Thus, it is possible that, in the present experiment, aging individuals are selectively disadvantaged because of the low distinctiveness between stimuli, consequently leading to a greater rate of false alarms and increased reliance on familiarity-based recognition. In turn, this could also explain the lack of correlation between false alarms and familiarity in young adults. However, to gain a better understanding of this discrepancy, future studies should aim to replicate these findings using material that allows better differentiation or distinctiveness across stimuli.
The secondary aim of this study was to investigate relationships between recognition performance and structural integrity of the hippocampus, entorhinal and perirhinal areas in older adults. Overall, our results support positive associations between recollection and normalized hippocampus volumes. In a regression model including age, education, gender and hippocampal volume as variables, hippocampal volume was found to be the only significant predictor, accounting itself for 25% of the variance in recollection performance. These results are consistent with the few previous articles that have investigated relationships between volumetric measures of medial temporal lobe regions and the dual-processes of recognition and support an association between recollection and hippocampal structural integrity (Wolk et al., 2011; Yonelinas et al., 2007) . The relationship between hippocampus and recollection has also frequently been highlighted in functional neuroimaging studies (Daselaar, Fleck, Dobbins, Madden, & Cabeza, 2006; Diana et al., 2007; Eldridge et al., 2000) . Due to the nature of our experimental task, our findings can also be paralleled with the multiple reports demonstrating a link between the hippocampus and associative or contextual memory (Daselaar, Fleck, Dobbins, et al., 2006; Davachi, 2006; Sullivan Giovanello, Schnyer, & Verfaellie, 2004; Yonelinas, Hopfinger, Buonocore, Kroll, & Baynes, 2001 ). Hippocampus volumes did not significantly correlate with the hit rate, the familiarity estimate nor the false alarm rate. Thus, recollection might
provide a more precise cognitive marker of hippocampal integrity than these other measures of recognition performances.
No significant association was found between any recognition measures and two other studied medial temporal lobes regions, namely the entorhinal and perirhinal cortices. This diverges from previous reports supporting associations between structural integrity of these regions and familiarity-based recognition. For example, Yonelinas and colleagues demonstrated that, while the entorhinal region correlated more strongly with recognition performance, the recall performance was associated with the hippocampus . These findings were interpreted as evidence for a functional double dissociation between the neuroanatomical substrates of recollection and familiarity. However, these findings are difficult to contrast with the results of the present experiment as they rely on a very different experimental method to estimate recollection and familiarity performances. More precisely, recollection and familiarity are assessed contrasting the recall and recognition performance, a method associated with several limitations and likely to provide an imprecise portrait of recollection and familiarity (Yonelinas, 2002) . In a different article, Wolk et al. investigated associations between recognition performance and medial temporal lobe structural integrity in non-demented older individuals as well as in patients with MCI or early AD (Wolk et al., 2011) . The results of their study highlighted a significant decline in both recollection and familiarity in patients with MCI or AD in contrast to control subjects. They further showed that the combined volumes of the entorhinal, perirhinal and parahippocampal cortices significantly predicted familiarity, but did not predict recollection performance. recognition processes and other cortical regions could also be of great relevance. Some models have previously suggested that age-related cognitive impairments could be linked with a deterioration of the frontal lobes and related cognition functions (Nyberg et al., 2010; West, 1996) .
Previous studies have revealed impairments in recollection-based processes, including source monitoring and temporal ordering, in individuals with prefrontal cortex lesions (Duarte, Ranganath, & Knight, 2005; Janowsky, Shimamura, & Squire, 1989; Johnson, O'Connor, & Cantor, 1997; Shimamura, Janowsky, & Squire, 1990; Simons et al., 2002) . Consistently, in animals, lesions to the medial prefrontal cortex were found to selectively disrupted recollection (Farovik, Dupont, Arce, & Eichenbaum, 2008) . However, these findings are not equivocal in the literature and two studies suggest a preservation of recollection-based recognition in patients with frontal lobe lesions (Aly, Yonelinas, Kishiyama, & Knight, 2011; MacPherson et al., 2008) . Consequently, future studies should aim to better characterize the influence of frontal lobes functional and structural integrity with regards to the age-related decline in recollection.
A few limitations of this study merit consideration. First, the neuroimaging data were only available in the older adults group and not for younger subjects. Thus, the difference in performance of these two groups on the recollection/familiarity task could not be linked with structural differences in brain anatomy. Second, it is possible that the observed positive association between familiarity and false alarms is mediated by variations in recognition confidence. Indeed, a lower confidence in recognition responses might lead to an increased reliance on familiarity and/or an increase rate of false alarms. The inclusion of a rating of confidence would have been informative and would have allow to depict a more precise portrait of the interplay between these different recognition variables. Finally, this study has been designed to focus on dual-process theories rather than other conceptual models of recognition. Thus, although the results of this study were interpreted within a dual-process framework, we acknowledge that they could be interpreted on the basis of different theoretical perspectives.
To conclude, the present results indicate that older adults tend to rely on familiarity at a greater extent than young adults to support their recognition judgment. The increase use of familiarity-based recognition in older adults is positively associated with an increase in false alarms.
On the other hand, recollection was not associated with the rate of false alarms. When investigating associations between medial temporal lobe structures and recognition performance in older adults, the results supported a positive association between recollection and normalized hippocampal volumes. No association between recognition measures and perirhinal or entorhinal cortices were observed, perhaps due to the anatomical variability of these regions. At this point, the results of this study suggest that recollection is a more precise marker of hippocampal integrity than other typical measures of recognition performance, such as the hit rate or the false alarm rate. Consequently, recollection performance could provide a superior indication of aging individuals at risk of developing AD.
